Auditory filial imprinting induces quantitative changes of synaptic density in the forebrain area mediorostral neostriatum/hyperstriatum ventrale of the domestic chick. The aim of the present study was to examine the time window and the extent and quality of experience that is required for the induction of these synaptic changes. We found that a brief (30 rain) experience with the imprinting situation (tone stimulus + mother surrogate) is sufficient to induce spine elimination, which is detectable on postnatal day 7, but not 80 rain after the presentation of the imprinting stimuli. This synaptic reorganization requires the association of the acoustic imprinting tone with an emotional reward (mother surrogate); acoustic stimulation alone does not lead to detectable synaptic changes. The results of the present study provide further evidence that juvenile emotional learning events, such as filial imprinting, lead to a selective synaptic reorganization.
INTRODUCTION
Early postnatal, emotionally modulated learning events are fundamental for the normal development of socio-emotional competence and intellectual capabilities. Studies in monkeys and humans have shown that the disturbance of such learning processes, induced, for instance, by social or emotional deprivation, leads to severe mental retardation and deficits in psychosocial behavior (Spitz, 1945; Harlow & Harlow, 1962; Skeels, 1966) . We propose that, similar to the experience-dependent developmental reorganization of sensory systems (Goodman & Shatz, 1993) , juvenile emotionally modulated learning events are a prerequisite for the functional development of emotional circuits and learning pathways in the brain.
During early and late childhood, an initial synaptic proliferation followed by a substantial synaptic elimination was described in different cortical areas of the human brain (Huttenlocher, 1979) and also in non-human primates (Zecevic et al., 1989; Bourgeois & Rakic, 1993; Wolff & Missler, 1993) . These phases of proliferation and elimination of neuronal connectivities, which serve to establish and maintain synaptic networks and functional pathways, may be guided by emotional experience and learning.
We investigate this hypothesis in a welldescribed juvenile learning process, filial imprinting in the domestic chick, which is characterized by the restriction to a sensitive phase, the velocity, and the stability of the learning result (Lorenz, 1935; Bateson, 1966; Hess, 1973) . Guinea chicks and domestic chicks easily imprint on rhythmic tone pulses in the presence of a mother surrogate and subsequently develop a strong preference for the imprinting tone (Maier & Scheich, 1983;  (C) Freund and Pettrnan, U. K., 1998 Wallhiiul3er & Scheich, 1987; Bock et al., 1996 Bock et al., , 1997 . During and aider filial imprinting the forebrain area mediorostral neostriatum/hyperstriaturn ventrale (MNH, see Fig. 1 ), a presumptive equivalent of the mammalian prefrontal cortex and part of recently described imprinting pathway (Metzger et al., 1996 (Metzger et al., , 1998 , shows dramatic synaptic reorganization, which includes the pruning of dendritic spines on a distinct neuronal subpopulation, the type I neurons (Wallhtul3er & Scheich, 1987; Scheich, 1987; Scheich et al., 1991) .
These morphological changes are accompanied by an enhanced stimulus-evoked metabolic and electrical excitability (WallhiufJer & Scheich, 1987; Bock et al., 1996; Bredenk0tter & Braun, 1997) The imprinting procedure and the stimuli used here are described in detail in previous studies (Book et al. 1996; (Fig. 3A) . The imprinted chicks also showed lower spine frequencies than did either the I-tone chicks (17%) or the I/A-chicks (11%). The I-tone chicks, however, displayed a 28.5% lower spine frequency on the 3. and 4. branch order of type I neurons than did the age-matched, naive control animals (Fig.   3A ). This finding indicates that the brief 30-min experience with the imprinting situation (tone stimulus + mother surrogate) on the hatching day was sufficient to induce spine elimination in the MNH. Further experiences in I/A-chicks and imprinted chicks led to a slight enhancement of this effect. The same effects were found on all dendritic segments from the basal (1.) to the distal (4.) branch orders, with exception of the first two segments, in which spine frequencies in the I/A-tone chicks and in the imprinted chicks were similar (Fig. 3B ).
Experiment II "Passive" acoustic stimulation without emotional reward did not lead to detectable changes of spine frequency in the MNH. On postnatal day 7, the spine, frequencies in chicks receiving "passive" acoustic stimulation on the hatching day were similar to those of age-matched, naive controls (Fig.  4) . This effect was found on all dendritic segments from basal (1.) to distal (4.). This finding indicates that an association between a sensory (acoustic) stimulus and an emotional component is required for the induction of the synaptic rearrangements in the associative forebrain area MNH (compare with results from Experiment I).
RESULTS

Experiment III Experiment I
The magnitude of spine elimination in the MNH of chicks on postnatal day 7 is correlated with the degree of experience that the chicks had acquired during the first days posthatch. The lowest spine frequency was found in the imprinted chicks with Eighty min after termination of the 30-min exposure to the imprinting situation (tone stimulus + mother surrogate), no change of spine frequency was observed in the MNH. On day 0, no difference in the average spine frequencies of type I neurons was measured between stimulated and age-matched naive control chicks (Fig. 5) Spines are considered specialized structures subserving a biochemical compartmentalization and providing a protected microenvironment for calcium and other messengers and, therefore, playing a key role in the expression of synaptic plasticity (Homer, 1993; Koch & Zador, 1993; Harris & Kater, 1994; Segal, 1995) . Several studies have suggested that changes in the density and morphology of these specialized structures may be a principal cellular correlate of learning and memory processes. Evidence is accumulating that, in particular, the elimination of spine synapses may be characteristic for juvenile learning. The spine loss atter filial imprinting in domestic chicks (Wallhiul3er & Scheich, 1987 and results in the present paper) i in principle in accordance with comparable results in the MNH of zebra finches, where social experience leads to a reduction of spine density (Rollenhagen & Bischof, 1994) . Song-or speech-learning, another juvenile learning process, induces a 41% decrease of spine density in the IMAN (lateral part of the magnocellular nucleus of the anterior neostriatum) of male zebra finches (Wallhg.uBer-Franke et al., 1995) , and a 50% loss of dendritic spines was found in the forebrain vocal control system of mynah birds (Rausch & Scheich, 1982) . Without being interpretable in relation to experience or learning, a reduction of synaptic redundancy by elimination of supemumery spine synapses has been described in the mammalian brain, which seems to be a principle for the establishment and refinement of functional neuronal circuits. In human and non-human primate frontal cortical areas, an initial synaptic proliferation is followed by a substantial synaptic elimination during adolescence (Huttenlocher, 1979; Zecevic et al., 1989; Bourgeois & Rakic, 1993; Wolff & Missler, 1993) . In contrast to the described regressive synaptic changes at'ter imprinting-like learning, other learning events appear to induce proliferative processes. Spatial learning in a complex environment has been shown to induce an increase of dendritic spines on basal dendrites of CA1 pyramidal cells in the hippocampus of rats (Moser et al., 1994) . Similar results were obtained by comparing the spine densities of rats that had been reared in a complex or enriched environment with those of isolated control animals. Cortical and striatal neurons of rats who are exposed to an enriched environment display higher spine densities (Comery et al., 1995; Globus et al., 1973; Rosenzweig et al., 1973) .
Furthermore, increases of spine density on CA1 hippocampal cells were found in rats that had been handled and injected daily (Horner et al., 1991) and in dentate granule cells after the induction of longterm potentiation (LTP) (Trommald et al., 1996) . (Doubell & Stewart, 1993; Stewart & Rusakov, 1995) .
Our results indicate that a certain amount of sensory and emotional experience is required for the induction of synaptie reorganization within associative forebrain areas and provide evidence that the observed spine reduction is correlated to a learning process, rather than representing an exclusively developmental process. Specific elimination of dendritic spines as a basic principle of information storage has been proposed in a synaptic-selection hypothesis of imprinting (Scheich, 1987; Wallh/uBer & Scheich, 1987; Scheich et al., 1991) . According to this view, adequate environmental stimuli that are present during the sensitive phase of imprinting activate only a certain subset of inputs, eventually leading to a selective stabilization of these synaptic connections, whereas in parallel, mechanisms leading to a subsequent elimination of non-activated spine synapses are induced. Alternatively, the proliferation of spine synapses occurring in the isolated chicks during the first 7 postnatal days (Scheich et al., 1991) may be suppressed in imprinted animals. This notion, however, appears unlikely in view of control experiments demonstrating that chicks, which were imprinted on postnatal day 7 after the initial proliferative phase is terminated, display a similar pruning of spine synapses as chicks imprinted immediately after birth (Scheich et al., 1987) .
What is the functional implication of this experience-regulated synaptie reorganization of higher associative brain regions? One proposal is that the initial overproduction of synapses serves to ensure that no target cell lacks contacts, and that during the subsequent activity-regulated competition, a reduction to the mature synaptic relationships takes place (Changeux & Danchin, 1976; Lohof et al., 1996) . This may lead to a more efficient neuronal network that responds more selectively to relevant environmental stimuli. This view is supported by results from metabolic, electrophysiological, and microdialysis studies, in which an enhanced neuronal responsiveness toward the learned acoustic imprinting stimulus was found in the MNH (Wallh/uBer & Scheich, 1987; Bock et al., 1996; Grub & Braun, 1996; Bredenk6tter & Braun, 1997) .
The understanding of the mechanisms underlying emotionally regulated, experience-dependent modification of functional brain circuits during early childhood may be important in view of the idea that deviations in the normal postnatal maturation of the human cortex may underlie certain psychotic disorders (see Keshavan et al., 1994) . For instance, schizophrenia may result from an abnormality in the specific synaptic elimination processes in areas of the brain that are critical for cognitive development (Feinberg, 1982 
